Introduction
During normal growth, renal function does not increase in proportion to body weight (BW) but does increase approximately in proportion to surface area or metabolic activity of the body [12, 24, 30, 33, 371 . It is also known that kidney weight (KW) does not increase in proportion to body size but does increase approximately in proportion to surface area. RUBIN et al. [30] found that glomerular filtration rate (GFR) measured in children over a considerable age and size span correlated well with surface area after one year ofage but correlated even better with KW, even though the latter was estimated from standard tables of organ weights to body weight. This finding and other available evidence suggest that GFR/g kidney is relatively constant during growth. This inference contrasts to the findings in species differing in size in which GFR/g kidney has been shown to vary inversely with size. The ratio was highest in rats, intermediate in dogs, and lowest in man when these three species were compared [ l I].
There are no studies, however, in which sufficient dircct comparisons have been made to develop a mathematical relation between kidney function (other than urea clearance), kidney size, and BW. The kidney is uniquely suited for this comparison because functional capacity can be approximated from the measurement of GFR. Although G F R alone does not rcpresent kidney work, the reabsorption ofsodium (TNa) from glomerular filtrate is directly proportional to GFR. GFR andTN, have been shown to be proportional to in I J~L~O renal oxygen consumption (Vo,) [4, 191. Consequently, GFR, TNa, and Vo, can be used interchangeably as measures of kidney function under most conditions. A further analysis of functional organization as related to structural growth can bc obtained by comparing other measures of function to K W during growth. The tubular maximum for glucose reabsorption (TmG) has been shown to correlate with proximal volume indirectly [28] and to increase to a greater degree than GFR during the hypertrophy response to uninephrectomy or 34 nephrectomy [16] . Since it is impractical to measure Vo, in the rat, it can only be inferred either from TN, or from in vitro oxygen consumption [5, 351 . KATZ and EPSTEIN [13] have reported that Na-K-dependent adenosine triphosphatase (Na-K, ATPase) activity increases during hypertrophy of the kidney in relation to kidney protein. I n the present study, these variables were measured during normal growth. In addition, kidney protein and DNA were measured to provide more details of cellular growth in relation to these functions.
Methods
Male rats of the Sprague-Dawley strain, weighing from 50-400 g and from 3 weeks to 3 months in age, were studied. A small group of Fisher strain inbred rats having a slower gain in body weight with age was also studied for comparison.
G F R was determined in 68 rats by the constant infusion technic using clearance of inulin (C;,) or sodium iothalamate (CI,) to measure GFR. The rats were lightly anesthetized with 3-6 ml/lOO g BW of 12 yo ethanol in water given by gavage in two doses 30 minutes apart. They were placed in a plastic or metal restraining cage in the prone position and infusion was started through a tail vein. A priming dose of 12.5 mg inuIin/100 g BW was followed by a n infusion of 5 % glucose in 0.2 % saline containing inulin sufficient to maintain the concentration of inulin in plasma of approximately 0.5 mg/ml and to ensure a urine flow between 0.1-0.5 ml/min, depending on the size of the rat [3, 101. Urine was collected in a funnel placed beneath the perineum. Collections were made either from spontancous voidings, which were timed, or from an indwelling suprapubic catheter. Between 2-5 ml of urine was colIected in each of three periods; when spontaneous voidings were used, at least three voidings were collected for each period. An equilibration period of one hour preceded any collection for clearances. At midpoints, blood was collected from a foot vein into capillary tubes (0.1-0.3 mllsample). Levels of plasma inulin and C;, of two successive periods had to agree within 10 % to be accepted for the study. At the end of the clearance procedure, animals were reweighed and then sacrificed to obtain KW. The kidney was dried to constant weight and dry kidney weight (DKW) and water content calculated. In later experiments, sacrifice was deferred until the day following because it became apparent that the infusion procedure sometimes increased the water content of the kidneys transiently, although it did not affect the dry weight.
When CIo was measured, 2-3 pc of I I 3 l iothalamatel 100 g BW was given as a priming dose; sufficient iothalamate was added to the infusion to provide 10,000 counts/3 min/0.02 ml plasma.
T m c was measured with GFR ((21,) in two groups of rats having an averagc BW of 173 and 350 g, respectively. The priming dose of glucose in both groups was 100 mg/ 100 g BW given as 10 0/6 glucose in water. The sustaining infusion contained 5-7 % glucose in 0.2 % saline given a t a rate to maintain a concentration of plasma glucose between 4-6 mg/ml. I n these studies, results were accepted if the measured GFR met the criteria previously cited. T m G varied in successive periods by as much as 15 % in some of the accepted instances.
Clearance of para-aminohippurate (CpAH) was measured in one group weighing 298 g ; in this group, hyperglycemia was avoided and only small amounts of glucose were given. The priming dose of PAH was 0.75 mg/100 g BW and the sustaining dose was sufficient to maintain a plasma level of 0.35 mg/ml.
Inulin was measured by thc method of WALSER et al. [36] , glucose by the use of the Glucostat@ glucose oxidase method, and PAH by the method of SMITH [31] . Iothalamate was quantified by counting diluted urine and plasma in a well detector to obtain the U : P ratio for calculating clearance. Ratios of CI,: Ci,, averaged 1.01 in 6 rats when simultaneous measurements were made.
Na-K-dependent ATPase activity was measured as described by KATZ and EPSTEIN [13] in four groups of rats averaging approximately 50, 90, 250 and 350 g, respectively. Total ATPase activity was determined on the light microsomal fraction of homogenized cortex obtained and assayed in 5 ml of incubation fluid con-C h a r a c t e r of function a n d size in kidney d u r i n g n o r m a l growth of rats 53 taining 100 m M NaCI, 20 m M KCI, 10 m M imidazole ratio. A weighed aliquot of dry kidney was used to buffer, and 5 m M of MgCl-ATP/I. The reaction was measure total nitrogen by the micro-Kjeldahl method. started by adding Mg-ATP solution to prewarmed (37") incubation media containing 0.2 ml light microBiometric Analysis soma1 fraction having 1-3 mg proteinlml. After five I n comparing growth rates, log-log plots have been minutes, the reaction was terminated by adding 1 ml widely used to derive the exponential growth rate of a ice cold 35 % trichloracetic acid. The Na-K-dependent dependent variable upon an independent variable. The ATPase activity was calculated as the difference be-slope of such a log-log plot will be less than one if the tween total activity and that obtained in identical in-dependent variable has a lower growth rate than the cubation media in which Na was substituted for K.
independent variable, equal to one if the growth rates Activity was expressed as AIM phosphorus/mg protein/ of both variables are equal, and greater than one if the h. Protein in the microsomal fraction was determined dependent variable is growing more rapidly than the by the method of LOWRY [2 I].
independent variable. Five groups of 10 rats, each with an average weight The regression equations were derived by the methof 50, 100, 200, 300 and 400 g, respectively, were od of least squares using an Olivetti-Programma 101. studied. One kidney was cxcised, weighed in a torsion
The following formulae were used in calculating the balance, and quickly immersed in chilled Krebs- standard error of the estimate (SE,,,) and Standard Ringer phosphate buffer medium at p H 7.4; cortical Error of the slope (SEsI,,,), respectively: slices (0.5 mm in thickness) were made with a StadieRiggs microtome. Slice weight was obtained after
rapid blotting. Slices were added to a Warburg flask SE~,,,, = \IsE,,, / 2 (Xin 100 % oxygen so that the flask contained approximately 50 mg cortex in 2 ml media. Oxygen consumpWhen log-log regressions were made, the logs were tion was measured for six successive 10-minute periods taken from tables to four places and lines of regression at 37". The means of these values were calculated and were derived. The arithmetic values have been plotted used for subsequent computation.
on log-log coordinates to present visually the numerical The other kidney, or a kidney from a comparable rat, was also rapidly removed, weighed, and quartered. One quarter was rapidly frozen to -20' for subsequent determination of DNA. This portion was homogenized in 20:l volume of ice-cold distilled water; DNA was precipitated with 0.2 N perchloric acid and hydrolyzed in 0.3 N K O H for one hour [25] . DNA was measured using the indole color reaction when calf thymus DNA [4 11 served as a standard [2] .
A second quarter of the kidney was weighed and dried to constant weight to determine the wet:dry relations.
The individual values for BW, DKW, and GFR are noted in table I. The regressions were derived for the log DKW as a function of log BW; log G F R as a function oflog BW; and log G F R as a function of log DKW. The SES1,,,, the correlation coefficient (r), and the SE,, are summarized as follows: A plot of the data and the regression for log DKW as a function of BW (1) is illustrated in figure 1 , and log G F R as a function of log DKW (3) is illustrated in figure 2 .
The slope of log G F R as a function of log DKW, 1.078, is not significantly different from 1.0; consequently, the regression of G F R as a function of DKW is virtually linear (4) and when derived as a linear function is:
The intercept (0.03) is not significantly different from zero.
When there are no artifacts inmeasurement of WKW, the ratio of K W : DKW appears constant, 4.18 (table  IV) . Hence, equation (4) can be further simplified as:
The ratios of Tmc to G F R were 3.04f 0.47 and 3.78+0.25 in the first and second groups, respectively 0. 35 Character of function a n d size i n k idney during normal growth of rats x Fisher inbred strain of rats. Sprague-Dawley rats. (table 11). The differences in the ratios were statistically significant (p < 0.05), but the magnitude of the differences in this comparison was small (< 20 %). The Tmc:g KW was 2.9 in the second group when it could be calculated.
I n the only group in which it was measured, the ratio of CPAH: GFR was 4.56 and the filtration fraction was 23 %. The BW for this group was 298* 15 g; the DKW (both kidneys) was 0.574k0.078 g. Since extraction ratios could not be determined and true renal plasma flow could not be measured, comparative values at other weights were not obtained and the data are provided only for reference. From the hematocrit andcpAH, the average blood flow was calculated to be 25.6 ml/min. Among the four groups of rats studied, Na-K-dependent ATPase/mg protein of the light microsomal fraction was not significantly different (table 111) .
The measurement of DNA and of QO, permitted closer grouping of the data around specific weight ranges. Consequently, the results from five weight groups are expressed as means with SDs (table IV) . The constant ratio of KW:DKW is also noted. The protein calculated from total nitrogen, using a factor of 6.25, is approximately 80 % of the total DKW.
The cell number, when calculated from DNA content in mg (cell number = DNAx 109/6.2) [18] , indicates a progressive increase with growth, but at a rate slower than that characteristic of either BW or KW. This is most readily visualized by comparing all data with that of the smallest group, the data from which were made equal to 1.0. The data for subsequent weight groups are then expressed as multiples of 1.0. The relative increase for BW over the whole span is 6.92; for KW, 4.26, and for DNA, 2.60.
These comparisons show that more than half of the increase of KW reflects an increase in cell number, while the balance, by definition, is due to an increase in cell mass. The relative values for KW and DNA for each weight group (table IV) are plotted against the relative values for BW using log-log coordinates ( fig. 3) . The slope of KW upon BW is very nearly that observed in Study I, 0.77 vs 0.72. The rate of growth in cell number, however, is slower than that of KW and decreases with growth. An increase in cell size, as defined in this study, accounts for a smaller proportion of the increase in KW up to 200 g BW and a somewhat larger proportion beyond that. This agrees with the results of others [6, 381. The QO, of cortical slices increased slightly with growth (table IV) . The slight increase from 50-100 g BW and from 100-200 g BW is not statistically significant. The QO, of the 300-g group, however, is consistently higher by 10-15 % than that for either the
Relative body weight ' Dry kidney weight.
Body weight. In 2 other studies, QO, was 15.7 and 16.3 pllmglh, respectively. Wet kidney weight.
Calculated from DNA content [18] . Right kidney only.
C h a r a c t e r of function a n d size i n k idney d u r i n g n o r m a l growth of rats 5 7 Data for the smallest group are represented as 1.00 and for subsequent groups as a ratio to this value.
Body weight. Wet kidney weight. WKW/DNA.
200-or the 400-g group. Although the significance of the finding is not apparent, this difference is confirmed by observations in two other groups of rats weighing 300 g.
Discussion
During normal growth, the increase in kidney function is proportional to the increase in total KW. The rate of increase of each is slower than the rate of increase in BW, a point inferred from several earlier studies [9, 12, 22-24, 30, 32, 33, 371 . TNa during growth is proportional to kidney protein and its rate is determined by some variable that, during normal growth, increases in proportion to kidney protein. (TNa, measured in only some of the experiments, was proportional to G F R and varied from 125-135 ,uEq/Na/ml GFR. TNa is used in this text when tubular reabsorption or renal work is being considered; G F R is used when the clearance or hemodynamic change is under consideration.) Since the number of nephrons does not change during growth in rats after they reach 50-100 g BW [15] , it is obvious that Na reabsorption per nephron (TNa) increases in proportion to the increase in nephron mass. OLIVER [27] noted that the nephron increased in size a t different rates during normal growth in rats; however, the proximal volume increased in proportion to total kidney mass. Since about 70 % of tubular reabsorption of Na occurs in the proximal tubule, this relation is not unnatural. From FETTERMAN'S studies [7] and supplemental data [8] , it was possible to demonstrate a correlation between proximal volume and K W in kidneys from children from birth to adolescence. The slope of the in proximal volume and K W ; however, the relatively low degree of correlation and a large standard error of the slope of the regression made it impossible to define a quantitative relation between the growth rate of proximal volume and of KW. I t would not be appropriate to infer from the findings in the present study that total kidney protein per se is the factor determining TNa. Rather, some metabolic process resulting in Na transport must be the determinant. The rate-limiting step in this pathway during normal growth may be an enzyme or a membrane surface that is either coincidentally proportional to, or directly determined by, protein increase.
Since the ratio of TmG to G F R is relatively constant and G F R is proportional to K W during growth, TmG is also apparently proportional to KW during growth. We have already cited OLIVER'S observation that proximal volume is proportional to K W during growth. Hence, our observations are in accord with the conclusion of OLIVER and BRADLEY et al. [ l , 281 , that TmG is proportional to proximal volume.
The Na-K-dependent ATPase activity in the light microsomal fraction does not increase over the growth span studied. KATZ and EPSTEIN [13] have described a n increase in NA-K-dependent ATPase that corresponds to increases in TNa noted in renal hypertrophy. Further, the TNa/g K W also increased. The higher ATPase activity and the value for TNa/g K W noted with renal hypertrophy suggest that the pattern of growth in hypertrophy differs from that which occurs in normal growth. This is also suggested from OLIVER'S work [27] , for he reported that proximal volume increased more than K W in renal hypertrophy, in contrast to the proportional increases noted in normal growth. A similar inference is made in the present study when the ratios of TmG to G F R during normal growth are compared with those of KOLBERG [16] on dogs undergoing hypertrophy following uninephrectomy and %nephrectomy. He noted that TmG increased much more than GFR with hypertrophy. Additional studies are in progress in our laboratory in -- order to compare TmG during the growth of kidneys undergoing hypertrophy with kidneys having normal growth. These data, which show that GFR/g K W is constant during growth, contrast to those reported earlier, when GFR/g K W varied inversely with body size among the three species compared-man, dog, and rat [I I]. This finding reinforces the assumption that TNa is not a function of kidney protein per se, but is dependent during growth upon a variable that is proportional kidney protein.
The relative consistency of the ratio T m G : GFR in the two groups studied is similar to that previously regression was consistent with proportional increases reported by others [29, 34] who, in rats, compared TmG to GFR when GFR varied over a much greater range. Our observations are in agreement with the hypothesis proposed by OLIVER [28] and BRADLEY [I] that Tmc is proportional to proximal volume, since both TmG and proximal volume are proportional to KW during growth. The relation of QO,, as measured in kidney slices, to VO, measured in vivo has been the subject of much discussion [I 7,351, but nodirect comparisons have been made. KREBS [I71 has cited the variables that affect QO,. Our measurements of QO, in rat kidney cortex, approximately 14 pM/mg weight/h using media similar to that which he used but with the reaction maintained at 37O rather than at 40°, were approximately one-third his values, -38.2 pM.
The VO, of rat kidney has not been directly measured. It may be estimated in the normal state from Na reabsorption, because the relation of TN, to VO, has been shown to be approximately 20 pEq Na/pMO, 14, 14, 19, 20] . The TNain the rats in thisstudy throughout growth, derived from GFR/g DKW/min (Equation 4), is 42 pEq Na/mg DKW/h (5.44 ml GFR/g DKW/min x 60/,ooo x 130 pEq/ Na/ml GFR). The VO,, estimated from this and expressed in the same way as QO,, is 47 pl O,/mg DKW/h (42 pEq Na x 1/20 pEq Na per pMO, x 22.4 pM/pl.) The predicted oxygen consumption, in the normal state, is 47 pl 0,, and compares to the Q0, of 14. The discrepancy may be due to the absence of luminal Na in the resting slice. When GFR was reduced in dogs to near zero, so that there was no luminal Na for transport, VO, decreased to one-fourth the normal value 1191. If this corectly depicts the state of the slice, the predicted VO, would equal approximately 12 /il/mg DKW/h. This figure compares well with our observed values of QO,. If this comparison is valid, Q0, is reflecting renal oxygen consumption in a very abnormal condition. The figure for QO, found by KREBS, 38.2 pl/mg DKW/h, at 40' C is much closer to the value of47 p1 estimated indirectly. Nevertheless, 40" is not the in vivo temperature and it seems unlikely that Na transport from lumen to plasma is proceeding in kidney slices incubating in vitro.
The relation of the increase in DNA to growth of the kidney conforms in pattern to that reported by others [6, 18, 381 . The range in BW in this study included larger rats-up to 400 g. DNA increased to approximately 7 weeks of age in other studies as well as in this one. After that time, the increase in KW was due more to an increase in cell size (table V) .
I n spite of this shift in the character of growth, no shift in the pattern of functional increase was discerned.
Neither GFR, TNa, Tmc, nor Na-K-dependent ATPase activity changed in any relation to the shift in growth from cell division to increase in cell size. QO, also did not change in any relation to cell number or size. This finding provides substantial evidence that change in function during growth is dictated neither by cell size nor by cell number but by some variable that can increase either as a function of cell number or size and is proportional to kidney protein during normal growth.
